Following endoplasmic reticulum (ER) stress that prevents correct folding or assembly of ER proteins, at least three responses occur to maintain cell homeostasis: induction of chaperones, attenuation of protein synthesis, and enhancement of lipid synthesis. Transducers that transmit ER stress to the nucleus have already been identified in yeast and mammals. We report here isolation of a cDNA, OsIre1, from rice encoding a putative homolog of Ire1p, a yeast transducer of ER stress. OsIre1 encodes a polypeptide consisting of 893 amino acids, in which two hydrophobic stretches are present in the amino-terminal (Nterminal) and middle regions, possibly serving as a signal peptide and a transmembrane domain, respectively. The carboxyl-terminal (C-terminal) domain was found to possess serine/threonine protein kinase and ribonuclease-like domains showing high similarities with regions in Ire1 homologs from other organisms. A fusion protein of OsIre1 and green fluorescent protein (GFP) expressed in tobacco BY2 cells could be demonstrated to localize to the ER and the N-terminal domain of OsIre1 could substitute for yeast Ire1p in yeast cells. When produced in bacteria as a fusion protein, the C-terminal region of OsIre1 showed autophosphorylation activity. These results thus indicate that OsIre1 encodes a putative plant transducer of ER stress.
Introduction
The endoplasmic reticulum (ER) is a cell organelle where secretory and membrane proteins are synthesized. In addition to proteins, lipids for the generation of membranes are also partly synthesized in the ER. Although it is not yet clear how cells control the amounts of proteins and lipids synthesized in the ER, it is assumed that machinery exists to monitor the status in the ER. For example, when malfolded proteins accumulate in the ER, a set of molecular chaperones such as BiP, a HSP70 cognate in the ER, is highly induced to assist refolding and assembly. Accumulation of malfolded proteins occurs when cells are exposed to stresses such as treatment with tunicamycin, an inhibitor of asparagine-linked (N-linked) glycosylation that is important for protein folding. Such stress is referred to as ER stress and the resultant induction of ER chaperones, termed the unfolding protein response (UPR), provides clear evidence of a signal transduction pathway from the ER to the nucleus (Chapman et al. 1998 , Kaufman 1999 , Mori 2000 .
The molecular mechanisms underlying the UPR have best been studied in budding yeast (Welihinda and Kaufman 1996) . The reaction to accumulation of unfolded proteins is initiated by Ire1p, a transmembrane protein possessing kinase/ribonuclease activity in its C-terminal region. The N-terminal region of Ire1p localized in the ER lumen is a sensor domain considered to associate with BiP under normal conditions. When unfolded proteins accumulate, BiP is thought to detach from the sensor domain to function as a chaperone. This leads to oligomerization and autophosphorylation of Ire1p (Shamu and Walter 1996) , resulting in activation of its ribonuclease activity (Sidrauski and Walter 1997) . The activated ribonucluease catalyzes specific splicing of HAC1 mRNA to produce a transcriptional factor, Hac1p, which promotes the transcription of UPR-related genes (Cox and Walter 1996) .
In mammals, two IRE1-homologs, IRE1a and IRE1b, have been isolated and both are reported to be involved in induction of the UPR (Tirasophon et al. 1998 , Wang et al. 1998 . However, no Hac1p-like transcriptional factor(s) have been identified in mammalian cells. Instead, another transcriptional factor, ATF6, overexpression of which induces the UPR, was isolated (Yoshida et al. 1998) . Unlike Hac1p, ATF6 is not regulated by splicing but rather by proteolysis (Yoshida et al. 2000) . These findings suggest that the down-stream pathway for the UPR is not conserved between mammals and yeast. In addition to the induction of chaperones, protein synthesis is inhibited upon ER stress to prevent accumulation of malfolded proteins (Harding et al. 1999) . Another transmembrane sensor, PERK, which consists of a sensor domain and a kinase domain participates in this regulation . A recent report indicated that IRE1b functions to attenuate translation of proteins in the ER by specific cleavage of 28S ribosomal RNA (Iwawaki et al. 2001) .
IRE1 was originally isolated as a gene involved in phospholipid synthesis (Nikawa and Yamashita 1992) . The yeast strain ire1D is a high inositol-requiring mutant and overexpression of Ire1p results in increase of phospholipid synthesis, suggesting a function in the supply of lipid membrane components to enlarge the capacity for accumulation of ER proteins. Thus, UPR and lipid synthesis appear to be regulated in a coordinated fashion in yeast (Cox et al. 1997) .
Plant UPR has been observed on application of artificial stress such as tunicamycin treatment (Denecke et al. 1991 , D'Amico et al. 1992 , Koizumi 1996 and in mutants such as maize floury-2 that accumulates an abnormal storage protein, zein in endosperm (Boston et al. 1991) . In either case, a set of molecular chaperones is highly induced. As in mammals, attenuation of protein synthesis upon ER stress has also been suggested in tobacco protoplasts treated with tunicamycin (Leborgne-Castel et al. 1999 ). In addition, it was recently shown that the ER stress enhances lipid metabolism in floury-2 and suspension cultures of soybean cells (Shank et al. 2001 ).
Thus, three responses: induction of chaperones, attenuation of protein synthesis and enhancement of lipid synthesis are observed in plants. Therefore, it is likely that plants also have sensor molecules similar to IRE1 for transmission of signals from the ER to nucleus. In the present study, we report isolation of a gene encoding a putative transducer in rice.
Results

Isolation of a cDNA encoding a rice IRE1 homolog
A homology search of the database with the yeast Ire1p sequence identified rice expression sequence tag (EST) clones encoding Ire1p-like polypeptide fragments. Since they had possibly originated from the same transcript, PCR was conducted with primers designed in accordance, and a cDNA fragment of 916 bp was obtained. A rice cDNA library was then probed with this fragment to yield a full-length cDNA of 3,121 nucleotides (accession number AB031396). This cDNA contained an open reading frame of 2,681 bp, encoding a putative protein of 893 amino acids. A hydropathy plot of the deduced amino acid sequence revealed two stretches of hydrophobic residues (Fig.  1A) , one of 20 residues close to the N-terminal with possible functions as a secretory signal peptide, and another of 17 consecutive residues lying in the middle part of the molecule, providing a transmembrane region (Fig. 1B, C) . The PSORT program (Nakai and Kanehisa 1992) indicated the protein to be of type I transmembrane type with its cytoplasmic tail formed by amino acid positions 397 to 893. A putative nuclear localization signal KRRK was found at a position between 432 and 435 along with four potential N-linked glycosylation sites in the N-terminal half (Fig. 1B, C) . Protein sequence database search with PSI-BLAST (Altschul et al. 1997) revealed the presence of a putative serine/threonine protein kinase domain . Following this domain, ribonuclease L-like domain was detected (Fig. 1C) . These characteristics satisfy the typical structures of Ire1p, and the clone was thus designated as OsIre1 (Oryza sativa Ire1). A comparison of the amino acid sequence of OsIre1 with other Ire1ps revealed the kinase and ribonuclease L domains (495-893) to be conserved among these proteins, showing 26-37% similarity (Fig. 1C) . However, the Nterminal regions (21-379) do not share distinct similarity among them except for the 16% similarity observed with yeast Ire1p.
Subcellular localization
In order to monitor the subcellular localization of OsIre1, a GFP fusion protein was expressed under control of the CaMV 35S promoter in tobacco BY2 cells. As negative and positive controls, GFP alone and GFP with the ER-targeting signal of cyclophilin, respectively, were expressed in BY2 cells. While fluorescence with GFP alone was detected mainly in the nucleus in addition to the cytoplasm (Fig. 2C) , that of OsIre1-GFP was observed around the nucleus probably in the nuclear envelope, but not inside the nucleus ( Fig. 2A ). Since this pat- (Rice) is double underlined, the putative nuclear localization signal is indicated by dashed-underline, and the four potential N-glycosylation sites are underlined. Conserved amino acids between OsIre1 and mouse ribonuclease L (Zhou et al. 1993 ) are indicated by asterisks.
Fig. 1 (C)
tern was similar to that of GFP with the signal sequence of cyclophilin (Fig. 2B) , which was previously reported to localize to the ER (Saito et al. 1999) , the results suggested OsIre1-GFP to be translocated in the ER of BY2 cells.
Sensor domain functions in yeast
The yeast ire1D mutant, which is defective in the IRE1 gene, cannot activate the UPR pathway. Consequently, addition of tunicamycin to the medium impairs its growth. In order to examine the function of the N-terminal domain of OsIre1, a chimeric protein was designed by replacing the sensor domain of Ire1p with that of OsIre1 and expressed in ire1D. Mutant cells, transformed with a plasmid expressing native IRE1, were used as a positive control. For the negative control, ire1D cells carrying empty vector plasmid were employed. Transformants were plated on synthetic dextrose (SD) medium with or without tunicamycin (0.2 mg ml -1 ), and growth was monitored. The results showed all strains to display similar growth rates in the absence of tunicamycin (Fig. 3A) . In the presence of tunicamycin, however, growth of cells carrying the empty vector was severely impaired. Growth was restored by expression of yeast Ire1p and also with the rice/yeast chimeric protein (Fig. 3A) . The yeast strain used in this study contains a chimeric gene that consists of the cis-element from yeast BiP gene responsible for the UPR and lacZ encoding b-galactosidase. Thus, measuring of b-galactosidase activity makes it possible to monitor activation of the UPR. When transformants were treated with tunicamycin or dithiothreitol (DTT), which inhibits formation of disulfide bonds resulting in accumulation of malfolded proteins in the ER, increase of b-galactosidase activity was observed in cells expressing yeast Ire1p or rice/yeast chimeric protein.
No induction of b-galactosidase activity was detected in cells carrying the empty vector (Fig. 3B) . These results indicated that the N-terminal domain of OsIre1 could functionally substitute for the sensor domain of Ire1p. However, introduction of full-length OsIre1 did not complement the physiological defects of the ire1D mutant (data not shown). It is not clear currently whether this is due to the inability of the C-terminal region of OsIre1p to substitute for the function of yeast Ire1p, or to defect in proper translocation of OsIre1p in yeast cells.
Kinase activity
A fusion protein of glutathione S-transferase (GST) and the C-terminal region of OsIre1p containing the kinase and ribonuclease domains was expressed in Escherichia coli, and purified with glutathione-Sepharose. The resulting protein fraction was incubated with [g-32 P]ATP, and subjected to SDS-PAGE analysis followed by autoradiography. In parallel, a mutant form, which carries a mutation in the essential ATPbinding site (Lys at position 519 changed to Ala; K519A), was subjected to the same assay. In both cases, the purified fraction contained a major protein of 70 kDa, the expected molecular size of the fusion protein (Fig. 4) . On autoradiograms, the fusion protein with the original C-terminal domain showed a signal at the position of 70 kDa, indicating possession of autophosphorylation activity. In contrast, the mutation almost abrogated radiolabeling of the 70 kDa protein, demonstrating dependence on the functional kinase.
Expression profile of OsIre1
Accumulation of OsIre1 transcripts in various organs was analyzed by Northern blotting. Transcripts were observed in all organs at low levels, suggesting a house-keeping profile (Fig.  5A ). Accumulation during ER stress was also analyzed with tunicamycin treatment of cultured cells (Fig. 5B) . Under the experimental conditions employed, transcripts of BiP were highly induced, indicating UPR to occur in cultured rice cells. However, the level of OsIre1 transcripts was not affected by tunicamycin.
Discussion
The present study was conducted with the aim of isolating a gene encoding a transducer of the ER stress from higher plants. To achieve this purpose, we screened the database with the primary sequence of yeast Ire1p, and isolated a rice cDNA OsIre1 encoding a putative homolog of Ire1p. The OsIre1 could be demonstrated to have a signal peptide in the N- -1 tunicamycin for 4 h (Tunicamycin) and treatment with 1 mM DTT for 2 h (DTT) was measured. Three independent assays were carried out and standard errors were calculated. Fig. 4 Autophosphorylation analysis of GST fusion proteins. The Cterminal domain of OsIre1 (C) and the same region with a mutation at the essential ATP-binding site Lys-519 to Ala (C/K519A) were fused with GST and produced in E. coli. Affinity purified proteins incubated with [g-32 P]ATP and separated on SDS-PAGE were stained with CBB (CBB staining) and subjected to autoradiography (Autoradiogram). terminal region and a transmembrane domain in the middle of the protein. The C-terminal region shows distinct similarity with protein kinase and ribonuclease domains of Ire1p. Since these structural properties matched the typical domain structure of Ire1p of yeast and other organisms, further functional analyses were experimentally carried out.
Yeast Ire1p is postulated to localize between the ER and nucleus with its N-terminal domain residing in the ER lumen and the kinase/ribonuclease domain in the cytoplasm/nucleoplasm (Cox et al. 1993 , Mori et al. 1993 . In human and mouse cells, ER-localization of Ire1 homolog proteins was confirmed by immunofluorescence microscopy (Tirasophon et al. 1998 , Wang et al. 1998 . Using a GFP fluorescence assay, we here found OsIre1 around the nucleus, indicating that it localizes in the ER membrane. This is strong evidence that it might be a sensor molecule for ER stress.
The N-terminal region next to the signal peptide is considered to be a sensor domain localized in the ER lumen. The sensing mechanism of ER stress by IRE1 is thought to be similar to that of PERK, another transmembrane protein kinase involved in attenuation of protein synthesis. Interestingly the sensor domains of IRE1 and PERK appeared to be functionally interchangeable, even though the primary structure is poorly conserved . Similar findings have also been reported using the N-terminal domains of IRE1 homologs of human, mouse and Caenorhabditis elegans (Liu et al. 2000) . In present study, consistent with these cases, the Nterminal region of OsIre1 is found to function as a sensor for ER stress in yeast.
Yeast Ire1p is autophosphorylated upon ER stress to activate the ribonuclease that catalyzes specific splicing of HAC1 mRNA, resulting in accumulation of Hac1 protein, the transcriptional factor for induction of chaperone genes. The C-terminal region of OsIre1 contains a kinase domain, and has been shown to have autophosphorylation activity when produced in bacteria as a fusion protein with GST. Since OsIre1 also contains a ribonuclease L-like domain, it is likely that it is similarly activated by autophosphorylation. However, no Hac1 homolog has so far been identified in either rice or Arabidopsis genomic sequences. Even in mammals a Hac1 homolog has not been identified, although IRE1 homologs were reported to be involved in UPR induction. Determination of the function of the RNase domain of OsIre1 remains for future research.
If OsIre1 is a sensor molecule for ER stress, it would be expected to exist prior to the stress. In fact, expression of yeast IRE1 and mammalian homologs is not induced by ER stress, but rather occurs ubiquitously. The constitutive nature of OsIre1 expression in various organs is similar to that of its mammalian counterpart. Our finding that transcripts of OsIre1 are not induced by ER stress is also consistent with available data for IRE1 homologs in other organisms. In contrast to OsIre1, however, transcripts of BiP were highly induced by addition of tunicamycin to cultured rice cells. This clearly indicates that rice has a signal transduction mechanism to transmit ER stress to the nucleus as in other plants. It is likely that OsIre1 is involved in this mechanism since IRE1 homologs function in the UPR in other organisms. Alternatively OsIre1 may function to attenuate protein synthesis upon ER stress. A recent report describing human IRE1b to be involved in inhibition of protein synthesis supports this idea. In mammals, PERK is thought to play a major role in attenuation of protein synthesis under these circumstances. Since no PERK homolog has yet been identified in plants, even in the genomic sequence of Arabidopsis, it is possible that OsIre1 substitutes for the PERK of mammals. Another possible function of OsIre1 is in regulation of lipid synthesis. Recently, the relationship between ER stress and lipid synthesis was discussed with regard to maize floury-2 and soybean cells, genes involved in lipid synthesis being upregulated upon ER stress. Since it is established that yeast Ire1p plays a role in regulation of lipid synthesis in addition to UPR, OsIre1 may possess similar multifunctional properties.
Two IRE1 homologs were recently isolated from Arabidopsis (Koizumi et al. 2001) . These homologs (AtIre1-1 and AtIre1-2) possess similar characteristics with OsIre1, showing localization in the perinuclear ER, sensor domains to complement that of yeast Ire1p, and autophosphorylation activity of AtIre1-2. Their sequence comparison revealed the C-terminal domains to have a higher homology (65%) than the N-terminal regions (28%). This is consistent with the suggestion that the primary sequences, especially of N-terminal domains, of Ire1 proteins are not highly conserved, even though they could function as sensor in yeast. Comparison among OsIre1, AtIre1-1 and AtIre1-2 shows similar extent of homologies, making it not easy to define which of them is closer to OsIre1. Genomic Southern blot analysis of OsIre1 under low stringency condition showed weak extra signals, suggesting that rice may also have additional copies of IRE1 homolog (Okushima et al. unpublished observation).
Materials and Methods
Plant materials and stress treatment
Rice plants (Oryza sativa L. cv. Nipponbare) were grown on soil in a greenhouse for 4 months, and harvested to examine expression levels of OsIre1 mRNA in various organs. Cultured rice cells were grown in culture medium according to the previous report (Baba et al. 1986 ). Cells were maintained at 28°C in the dark with rotary shaking (100 rpm).
Isolation of rice Ire1 cDNA
A TBLASTN search (Altschul et al. 1990 ) was carried out with the amino acid sequence of yeast Ire1p and four candidates were detected from ESTs. Based on the nucleotide sequences of ESTs D24156 and C22584, two primers, 5¢-GATCAGGATCCTAATATTGT-TCG-3¢ and 5¢-CAATGCTCGGACATGACCTCG-3¢ were designed, and employed to amplify a cDNA fragment of 916 bp. A rice cDNA library was constructed in the lZAP II vector (Stratagene, La Jolla, CA, U.S.A.) with poly (A) + RNA prepared from 10-day-old rice seedlings. This library was probed with the 916 bp cDNA fragment to isolated four positive clones. After restriction mapping and DNA sequencing, the longest clone that appeared to contain a full-length cDNA was named OsIre1. The full DNA sequence of OsIre1 was determined by the dideoxy termination method using a dye-terminator cycle sequencing kit (Applied Biosystems).
Expression of a GFP fusion protein in BY2 cells
First the coding sequence of the GUS gene in pIG121-Hm (Ohta et al. 1990 ) was replaced with that of GFP in pGFP-2 with XbaI and SacI to obtain pBIH-GFP. The coding sequence of OsIre1 was amplified using primers with XbaI and inserted into the XbaI site of pBIH-GFP. A clone carrying OsIre1 in correct orientation was selected after sequencing. Agrobacterium tumefaciens (EHA105) was transformed with this construct and infected into tobacco BY2 cells to obtain transformed calli according to the methods of Matsuoka and Nakamura (1993) . In parallel, constructs expressing GFP alone and GFP with the signal peptide of cyclophilin (pAT702, Saito et al. 1999) were also introduced into BY2 cells. These transformed BY2 cells were observed under a fluorescence microscope and photographed.
Yeast experiments
A plasmid vector carrying yeast IRE1 in a yeast centromeric vector pRS313 was modified by addition of an EcoRI site after the nucleotide sequence encoding signal peptide and a BamHI site before the sequence for the transmembrane region, to obtain pCh2-b. To create the chimeric construct of rice and yeast IRE1, a sequence encoding the sensor domain of OsIre1 was amplified with primers (CGAATTCGGGGTCCGCTTCGACG and AGGATCCTCTGTAAG-AAAATTTAGTGACAC), corresponding to amino acids 21 to 379 and inserted into pCh2-b digested with EcoRI and BamHI. A yeast Saccharomyces cerevisiae strain KMY1515 (MATa ura3-52 leu2-3,112 his3-D200 trp1-D901 Dire1::TRP1 lys2-801::LYS2-UPRE-CYC1-lacZ; Okamura et al. 2000) , was used in this experiment. The yeast shuttle vector pRS313 alone (negative control), pRS313 with the authentic yeast IRE1 gene (positive control) and pRS313 containing the rice/ yeast chimeric IRE1 were independently introduced into KMY1515 cells as previously described (Kaiser et al. 1994) . The transformants were cultured at 30°C in synthetic dextrose medium supplemented with uracil (100 mg liter -1 ) and histidine (50 mg liter -1 ), and subjected to assays for b-galactosidase activity as previously described (Kaiser et al. 1994 ).
Preparation of a GST fusion protein and in vitro phosphorylation
The sequence encoding kinase and ribonuclease domains of OsIre1 (amino acids 491-764) amplified with primers (CACCCGGG-TAAGCTTTGTGTTTACAG and TGTCGACTACGCCGAGCTTCC) was subcloned into pGEX-4T-1 (Pharmacia, Uppsala, Sweden) using SmaI and SalI sites to construct pGST-OsIre1C. The mutated version pGST-OsIre1C/K519A, in which the conserved lysine residue at original position 519 in the kinase subdomain was mutated to alanine by a PCR-based method using primers (GCGCAGCAGACGT-GCCACAGCAAC and GTTGCTGTGGCACGTCTGCTGCGC), was also constructed. E. coli cells (DH5a) harboring GST-OsIre1C and GST-OsIre1C/K519A were inoculated in LB medium supplemented with 50 mg ml -1 of ampicillin. When the OD 600 of culture reached approximately 0.3, isopropyl b-D-thiogalactopyranoside was added at the final concentration of 1 mM and cells were further grown for 12 h at 16°C. Soluble fractions were prepared by disruption of bacteria with sonication in sonication buffer (50 mM Tris-HCI pH 8.0, 50 mM NaCI, 1 mM DTT) and fusion proteins were bound to glutathioneSepharose beads (Pharmacia) at 4°C for 30 min with continuous rotation. The beads were pelleted by a brief spin and then washed five times with PBST (phosphate buffered saline containing 0.05% Triton-X 100) followed by a final wash with sonication buffer. Fusion proteins were eluted with sonication buffer containing 16 mM reduced glutathione and incubated in a kinase buffer (25 mM Tris-HCl pH 7.5, 5 mM MnCl 2 , 5 mM MgCl 2 ) with [g-32 P]ATP at 30°C for 30 min. Reaction products were separated by electrophoresis on a 12.5% SDSpolyacrylamide gels which was then stained with Coomassie brilliant blue (CBB), dried and subjected to autoradiography.
Northern blot analysis
Total RNA was extracted by the acid guanidinium-phenolchloroform method (Chomczynski and Sacchi 1987) and fractionated by electrophoresis on a 1.2% formaldehyde agarose gels and blotted onto nylon membranes (Hybond N, Amersham). Blots were hybridized with 32 P-labelled cDNA probes, washed three times at 65°C in 0.2´ SSC containing 0.1% SDS and used to expose X-ray film.
